The reason of discrepancy between the experimental and the theoretical relative intensities of the 3p→2p electric quadrupole emission with respect to dipole 3s→2p emission for transition elements is investigated in relativistic configuration interaction approximation. The enhancement of theoretical intensity of quadrupole transitions by 4-6 times is obtained. It is shown that their relative intensity increases with the atomic number. In the single configuration approximation the dipole and the quadrupole transitions are separated in energy, but taking into account the configuration mixing their energy intervals extend and overlap. The dipole CI satellites with intensity exceeding the intensity of quadrupole transitions appear in their region, thus their separation becomes hardly possible.
Introduction
Using a high efficiency X-ray spectrometer it becomes possible to observe the electric quadrupole emission in the soft X-ray and the extreme ultraviolet region. Recently the transitions 3d→2s were registered for the first time in Sm, Ho, Yb [1] and their regularities were investigated theoretically for all lanthanides [2] . In [3] at the resonant and non-resonant production of 2p −1 vacancy the weak emission on the high energy side of 3s→2p lines was observed for three transition metals Co, Ni, and Cu. On the grounds of correspondence of this structure to the energy interval of 3p →2p transitions, these maxima were attributed to the electric quadrupole emission. Their total intensity relative to 3s→2p constitutes 1-5%. However, this quantity calculated for a free ion in non-relativistic single-configuration approximation was obtained 20-30 times smaller than its registered value. Two possibilities were suggested for the explanation of such discrepancy [3] . In the mechanism having a solid-state origin such transitions could be caused by symmetry breaking and vibronic coupling of 3d −1 vacancy state with 3p −1 state. However, the same relative intensity was obtained for emission of metallic Cu and CuO with a very different crystal structure. Thus the other pos-sibility seemed more preferable, that enhancement of intensity of quadrupole emission had the atomic origin, correlation and relativistic effects. It has been supposed that they modify the 3p radial orbital so its overlap with 2p orbital essentially increases.
The aim of this work was to investigate the total intensities of quadrupole 3p →2p and dipole 3s→2p emission in transition elements using the large scale relativistic configuration interaction (CI) calculations for free atoms. In Sec. 2 the explicit approximate expression for the ratio of total intensities of quadrupole and dipole transitions is derived that enables one to determine the dependence of the ratio on atomic number. The results of the detailed calculations of spectra for the four elements from the end and beginning of the transition group are presented and discussed in Sec. 3.
Ratio of the total intensities of quadrupole and dipole transitions
In a general case the intensities of radiative transitions in atoms with open shells depend on the populations of excited levels. Taking into account that the emission spectra registered in [3] have been excited with monochromatic X-ray photons with the energy c Lithuanian Physical Society, 2008 c Lithuanian Academy of Sciences, 2008 ISSN 1648-8504 above L 2 ionization limit, the total intensity of spectrum corresponding to the considered transitions is expressed as follows:
where K 0 is the normal configuration and γ 0 is its ground state, σ ion is the photoionization cross-section, Γ is the natural width of excited level, and A denotes the rate of radiative transition. In Eq. (1) only the transition rate depends on manyelectron quantum numbers γ of the final state. This gives one the possibility to derive an approximate explicit expression for the ratio of total intensities under the assumption that the transition energy in the expression for the rate can be approximated by the average energy. Such substitution is reasonable, because the energies of dipole and quadrupole transitions are considerably higher than the energy interval of transition array. Then the summation over γ is acting only on line strength. If the initial and the final configurations contain only one open active shell, summation can be performed algebraically in single configuration approximation [4] . The result does not depend on manyelectron quantum numbers of the initial configuration:
Here J is the total quantum number of the initial state. The second multiplier on the right-hand side is the submatrix element of the spherical function and the last multiplier is the radial integral of electric dipole (t = 1) or quadrupole (t = 2) transitions. The 3p→2p and 3s→2p transitions begin from the same initial configuration with 2p −1 vacancy. Conse-quently the quantities σ ion and Γ(Kγ) cancel out making the ratio of the total intensities of these transitions independent of the approximation used for their calculation. Thus this ratio equals the ratio of total transition rates:
It is necessary to note that Eq. (2) is violated in CI approximation, if there appear line strengths of transitions between some mixing configurations, which do not obey the (2) summation rule.
Substitution of expressions for the total transition rates in terms of average energies and transition integrals into Eq. (3) gives
(4) Thus the ratio of total intensities does not depend explicitly on the number of electrons in the passive 3d N shell. The variation of this ratio in the transition group will be considered in the following section on the grounds of calculation results for the average energies and radial integrals.
Results of calculations and their discussion
Calculations in various approximations were performed for three elements Co, Ni, and Cu from the end of the transition group, for which the weak 3p-2p lines had been registered, and for one element Ti from the beginning of this group in which case these transitions had not been detected. As in [3] , the free ions missing two or a single 4s electron, present in the ground configuration, were considered.
It is useful to begin the consideration of the ratio of total intensities from the simple single-configuration quasirelativistic approximation. The values of the average transition energies and radial integrals for considered elements, calculated using Cowan code [5] , are given in Table 1 . The absolute values of radial integrals decrease with increasing atomic number, but their ratio is diminished by one third while passing from Ti to Cu. The average energies increase for both transitions about twice. Consequently, the variation of the ratio of total transition rates for quadrupole and dipole transitions mainly depends on the higher power of transition energy contained in the rate for non-dipole transitions.
That tendency corresponds to the registered diminishing of the ratio with decreasing Z, and the nondetection of quadrupole transitions for the elements of the first half of transition period. The detailed calculation of spectra in the quasirelativistic single-configuration approximation gives the values of the total intensities ratio ( Table 2) practically coinciding with those obtained from Eq. (4). However, this result is 3.3-1.5 times greater than presented in [3] using the same approximation. Also, the calculation in single configuration relativistic approximation has been performed by us with the GRASP software [6] . Fair agreement of all three results can be treated as their sufficient control. The difference between the values of ratio calculated in single-configuration approximation [3] and experiment is diminished by our calculation for about several times. However, the inconsistency by 6-8 times for Co, Ni and even about 20 times for Cu remains.
The next step was the application of relativistic CI approximation.
The set of configurations in CI expansion has been selected using the configuration interaction strength [7, 8] :
where the quantity in the numerator is the interconfiguration matrix element of the Hamiltonian H and E(K, K ) is the energy distance between the interacting levels of configurations K and K :
The summation in (5) and (6) is performed over all states γ and γ of both configurations. This measure of configuration interaction has been calculated in relativistic approximation and 7-13 nl-configurations having the largest values of this measure have been selected. The mixing of all relativistic configurations corresponding to various distributions of electrons in the subshells of open shells has been included. The calculations of energy and emission spectra have been performed employing relativistic Flexible Atomic Code [9] using Dirac-Fock-Slater wavefunctions.
The following sets of configurations for the states of Co with 2p −1 , 3s −1 , and 3p −1 vacancies have been used (the closed shells are not indicated):
2p 5 3d 7 + 2p 5 3d 6 (4s + 4d + 5d + 6d + 7d) + 2p 5 3p 5 3d 7 (4p + 5p) + 2p 5 3s3d 7 4s , (7)
3s3d 7 + 3d 6 + 3p 5 3d 6 (4f + 5f + 6f) + [3s3d 6 + 3d 5 ](4d + 5d + 6d) + 3s3p 5 3d 7 4p + 3p 4 3d 8 ,
3p 5 3d 7 + 3p 5 3d 6 (4s + 4d + 5d + 6d + 7d) + 3p 4 3d 7 4p .
Similar sets of configurations have been used for the Ni and Cu. Inclusion of correlations among electrons increases the relative intensities of quadrupole transitions in free ions by about 1.5-2.5 times, but they remain 4-8 times smaller than the experimental values measured for metals. However, due to configuration mixing the intervals of both type transitions become wider and they are not separated from each other, as it has been in single configuration approximation. In Fig. 1 the calculated spectra of dipole and quadrupole transitions as well as the experimental spectrum are shown for Co. All theoretical spectrum is shifted by 9.8 eV to the higher energies in order to coincide the position of the line with maximum transition rate with the position of observed peak. The intensities of quadrupole transitions practically are not distinguished in the calculated spectrum. Many dipole satellite lines having considerably higher intensity than the quadrupole lines appear within their energy interval ( Fig. 1(c, d) ). One CI satellite group is situated at the high energy wing of transitions 2p 3/2 -3s, the most in-tense lines of this group correspond to the transitions 2p 5 3p 6 3d 7 →2p 6 3p 5 3d 6 4p 1 . The second group at 730-740 eV corresponds mainly to the two-electron transitions 2p 5 3d 7 →2p 6 3d 5 (5d+6d).
Similar results have been obtained for Ni and Cu. The energy positions of the main dipole CI satellites do not correspond to the maxima in the experimental spectra, attributed to quadrupole transitions.
If the intensity of dipole CI satellite lines were added to the essentially lower total intensity of quadrupole lines, the qualitative agreement of intensity ratio with the experimental data can be obtained. However, there is no unambiguous way to determine the energy interval of the joint quadrupole plus dipole satellite lines array and to separate dipole transitions into the main and satellite groups. Due to the high density of CI dipole satellites for Co and Ni their separate lines are not distinguished in the experimental spectrum, but in such energy region the increase of the intensity takes place.
Conclusions
The large discrepancy between the experimental and the calculated relative intensity of quadrupole transitions obtained in [3] can be diminished by 2-3 times even in single configuration approximation using the quasirelativistic and relativistic methods. The same result follows from the obtained explicit formula. This formula has also been used to explain the reduction of the ratio of total intensities with the atomic number decrease. In single configuration approximation this ratio even in the presence of outer open shell does not depend on the populations of initial levels. However, such dependence appears in configuration interaction approximation, if the line strengths of transitions between some mixed configurations do not obey a simple summation rule.
In order to remove the remaining discrepancy with experiment, relativistic configuration interaction calculations have been performed. The sets of configurations for 2p −1 , 3s −1 , and 3p −1 vacancies included 7-11 nl-configurations selected using the approximate measure of configuration interaction between two configurations -the CI strength. Due to configuration mixing the additional dipole lines, exceeding in intensity the quadrupole lines, appear in the same energy interval. However, their energy positions do not correspond to the maxima in the experimental spectra attributed to quadrupole transitions, probably because of solidstate effects becoming important for the admixed excited configurations.
This consideration shows that configuration mixing can essentially extend the energy interval of emission spectrum and then any separation of total intensities of two overlapping spectra, especially of different intensity, becomes practically impossible.
